In pigs, endometrial functions are regulated primarily by progesterone and placental factors including estrogen. Progesterone levels are high throughout pregnancy to stimulate and maintain secretion of histotroph from uterine epithelia necessary for growth, implantation, placentation, and development of the conceptus (embryo and its extra-embryonic membranes). This study determined effects of longterm progesterone on development and histoarchitecture of endometrial luminal epithelium (LE), glandular epithelium (GE), and vasculature in pigs. Pigs were ovariectomized during diestrus (day 12), and then received daily injections of either corn oil or progesterone for 28 days. Prolonged progesterone treatment resulted in increased weight and length of the uterine horns, and thickness of the endometrium and myometrium. Hyperplasia and hypertrophy of GE were not evident, but LE cell height increased, suggesting elevated secretory activity. Although GE development was deficient, progesterone supported increased endometrial angiogenesis comparable to that of pregnancy. Progesterone also supported alterations to the apical and basolateral domains of LE and GE. Dolichos biflorus agglutinin lectin binding and a v integrin were downregulated at the apical surfaces of LE and GE. Claudin-4, a 2 b 1 integrin, and vimentin were increased at basolateral surfaces, whereas occludins-1 and -2, claudin-3, and E-cadherin were unaffected by progesterone treatment indicating structurally competent trans-epithelial adhesion and tight junctional complexes. Collectively, the results suggest that progesterone affects LE, GE, and vascular development and histoarchitecture, but in the absence of ovarian or placental factors, it does not support development of GE comparable to pregnancy. Furthermore, LE and vascular development are highly responsive to the effects of progesterone.
Introduction
Progesterone profoundly influences successful pregnancy. Administration of exogenous progesterone to recipient cows early in the estrous cycle advances uterine functions and receptivity for transfer of older asynchronous embryos (Geisert et al. 1991) , and advances conceptus development in both sheep and cattle when administered early, i.e. within 3 days after mating (Satterfield et al. 2006 , Carter et al. 2008 . Indeed, treatment with exogenous progesterone significantly alters the expression of a number of genes in rodent, primate, and sheep uteri (Ace & Okulicz 2004 , Jeong et al. 2005 , Gray et al. 2006 . Although similar gene expression studies have not been performed in pigs, progesterone increases the expression of calbindin-D9k (Yun et al. 2004) , vascular endothelial growth factor (Welter et al. 2004) , fibroblast growth factors (FGFs) 2 and 7, two FGF receptors, FGFR1 and FGFR2 (Welter et al. 2003 , a 4 , a 5 , and b 1 integrin receptor subunits (Bowen et al. 1996) , the swine leukocyte antigens 1, 2, and 3, and b(2)-microglobulin (Joyce et al. 2008) , as well as suppresses expression of MUC1 and progesterone receptor in luminal epithelium (LE; Geisert et al. 1994 , Bowen et al. 1996 . Importantly, progesterone increases the expression of various uterine secretory proteins that are components of the histotroph, which is hypothesized to support conceptus and fetal development in pigs (Knight et al. 1974a , 1974b , Roberts & Bazer 1988 .
All mammalian uteri contain endometrial epithelia, both glandular (GE) and LE, that secrete 'histotroph', a complex mixture of hormones, enzymes, growth factors, cytokines, transport proteins, adhesion factors, nutrients, and other substances that play roles in conceptus nourishment, implantation, and placentation of the conceptus (embryo and associated placental membranes; Roberts & Bazer 1988 , Gray et al. 2001 , Hempstock et al. 2004 . Uterine secretions are particularly important for pregnancy success in pigs, sheep, cattle, and horses, which exhibit 1) a prolonged period in which free-floating conceptuses elongate, and 2) superficial placentation that results in a multilayered tissue barrier to the transport of substances from maternal uterine blood vessels to blood vessels of the conceptus. The majority of histotroph is thought to be secreted by the endometrial GE, and it is accepted that progesterone is the primary hormone that transforms the pregnant endometrium into a secretory tissue to support early embryonic development, implantation, placentation, and fetal/placental development (Spencer et al. 2004) .
Little is actually known about the hormonal regulation of the structural changes that occur within LE and GE as they develop into a mature secretory phenotype. Multiple studies suggest that histotroph production increases primarily in response to ovarian progesterone during pregnancy in the pig (Knight et al. 1974a , 1974b , Schlosnagle et al. 1974 , Basha et al. 1980 , Geisert et al. 1982a , 1982b , and that progesterone alone is sufficient to support pregnancy levels of histotroph (Schlosnagle et al. 1974 , Basha et al. 1980 . However, results for uteroferrin, a well-known progesterone-induced component of histotroph, suggest that interactions among progesterone, lactogenic hormones, and ovarian steroids may constitute a 'servomechanism' regulating endometrial remodeling, secretory function, and uterine growth in pigs (Young et al. 1990) . Therefore, there is discrepancy in the scientific literature pertaining to progesterone's relative contribution to the endometrial epithelial development that underlies the synthesis and secretion of histotroph during pregnancy.
We hypothesized that progesterone alone supports the development of porcine uterine glands comparable to that of pregnancy. However, the histomorphology of uterine GE and structural modifications to endometrium, including vasculature, for increased secretory activity have never been examined in ovariectomized gilts given exogenous progesterone through the critical window of days 30-40 when ultrastructural adaptations of uterine epithelia for secretion have been noted in pigs (Perry & Crombie 1982 , Sinowatz & Friess 1983 . Therefore, in order to address the role progesterone serves to modulate molecular factors within the endometrium, impacting placental function and pregnancy maintenance in the absence of confounding factors due to the presence of the ovary and conceptuses, gilts were ovariectomized on day 12 of the estrous cycle and treated daily with progesterone for 28 days to assess the effects of long-term progesterone on the morphology and expression of selected structural proteins by porcine uterine LE and GE in the absence of conceptus and/or ovarian factors.
Results suggest that 1) progesterone alone does not support the development of GE comparable to that of pregnancy, and that 2) LE and vasculature are equally or more responsive to the effects of progesterone than GE.
Results
The gross anatomy of uteri differed between ovariectomized gilts treated with corn oil (CO) or progesterone. Uteri from CO-treated gilts were reduced both in length and diameter relative to their progesterone-treated counterparts, and the endometrial thickness was also reduced. In addition, the endometrial and myometrial tissues were blanched in the uteri from the CO treatment compared with uteri from progesterone-treated gilts (Fig. 1) .
Histological examination of uterine epithelia and endothelium revealed measurable differences in LE, but not in GE, between gilts treated with CO or progesterone. The LE cells of endometria from progesterone-treated gilts were significantly taller than LE cells from CO-treated gilts (Fig. 2) . These LE cells exhibited secretory function because immunoreactive cathepsin B (CTSB), a protease expressed and secreted from the LE of pregnant pigs (Song et al. 2010) , was detected in the uterine flushings of progesterone-treated pigs (Fig. 2C) . In contrast, there were no differences in the size, density, or distribution of endometrial glands between progesterone-and CO-treated gilts in regions of the endometrium near the LE, and total gland number was decreased in regions of the endometrium near the myometrium in progesterone-treated pigs compared with CO-treated pigs (Fig. 3) . Therefore, adenogenesis did not increase enough in response to progesterone to maintain GE density in the deep endometrium of growing uteri. However, the GE of progesterone-treated gilts exhibited secretory function because immunoreactive acid phosphatase 5, tartrate resistant (ACP5, commonly referred to as uteroferrin) proteins of w37-38 kDa were detected in the uterine flushings of progesteronetreated pigs (Fig. 3C) . Although long-term treatment with progesterone did not support GE development comparable to that of pregnancy, treatment of ovariectomized pigs with progesterone alone increased total endometrial angiogenesis. The density and distribution of endothelium were not different between CO-and progesterone-treated pigs in shallow endometrium. However, total endothelium was significantly increased by progesterone in deep endometrium, indicating increased angiogenesis in growing uteri (Fig. 4) .
In order to examine alterations in the apical domain of endometrial epithelia in ovariectomized gilts in response to progesterone treatment, uteri were stained for Dolichos biflorus agglutinin (DBA) lectin and a v integrin subunit, a major integrin present at the apical surface of uterine LE (Erikson et al. 2009; Fig. 5) . DBA lectin was prominent at the apical surface of both LE and GE of CO-treated gilts. In contrast, progesterone treatment resulted in complete loss of DBA lectin in LE, and only low levels of DBA lectin staining were maintained in GE (Fig. 5A) . A similar but less extensive alteration in a v integrin subunit expression was observed in pig endometrial epithelia (Fig. 5B) . Immunostaining intensity for a v integrin subunit appeared to be greater within the apical domain of LE and GE of CO-treated gilts compared with progesterone-treated gilts (Fig. 5B) .
In order to examine the integrity of tight junctional complexes of endometrial epithelia in ovariectomized gilts in response to progesterone treatment, the organization of zona occludins (ZOs)-1 and -2, as well as claudins-3 and -4 was evaluated by immunofluorescence staining (Fig. 6) . The occludin proteins were localized to the terminal web tight junctional complexes of both LE and GE, and no differences were observed in intensity or distribution of either occludin protein between CO-and progesterone-treated gilts (Fig. 6 ).
In contrast, a divergence in immunostaining between the claudin proteins was observed. Although claudin-3 was localized to tight junctional complexes of LE and GE in endometria from both CO-and progesterone-treated gilts, claudin-4 was expressed only in epithelia of progesterone-treated gilts. Interestingly, progesteroneinduced expression of claudin-4 protein was observed along the entire basal and lateral surfaces of both LE and GE in a pattern more representative of E-cadherin than a typical claudin that is normally limited to tight junctions ( Fig. 6) . Finally, the basolateral surfaces and the intermediate cytoskeletal filaments of LE, GE, and stromal fibroblasts were examined by immunofluorescence staining for E-cadherin, a 2 b 1 integrin heterodimer, cytokeratin, and vimentin ( Fig. 7 ). E-cadherin was localized along the entire basal and lateral surfaces of LE and GE in the endometria of both CO-and progesterone-treated gilts ( Fig. 7) with no discernable differences. In sharp contrast, the a 2 b 1 integrin heterodimer was absent in CO-treated gilts, and induced by progesterone along both the basal and lateral surfaces of LE and GE (Fig. 7) . As expected, the epithelial-specific cytokeratin, an epithelial specific marker, was expressed in all uterine epithelia, and vimentin, a mesenchyme-specific marker, was not expressed in uterine epithelia, but was abundant in uterine stromal cells. An unexpected result of this study was induction of vimentin at the basal and lower third of the lateral surfaces of LE, but not GE, in response to progesterone treatment (Fig. 7) .
Discussion
Progesterone is the unequivocal hormone of pregnancy; however, its effects on the development, microstructure, and function of uterine epithelia and endothelium of pigs are not understood. Results of previous studies indicated that long-term daily treatment of ovariectomized pigs with progesterone promoted secretory activity of uterine epithelia that was similar to that of pregnancy, whereas treatment of ovariectomized pigs with the proper ratio of progesterone and estrogen enhanced secretion of uteroferrin over progesterone alone (Knight et al. 1973 , Schlosnagle et al. 1974 , Basha et al. 1980 , Young et al. 1990 ). This present study begins to dissect the effects of progesterone alone on the anatomical and histological properties of GE and LE, which secrete histotroph that is essential to pregnancy in pigs. Results indicate that progesterone has greater effects on the histoarchitecture of LE than GE. These results suggest that, during the first trimester of pregnancy in pigs, LE plays a significant role in synthesis and transport of histotroph. Furthermore, GE development that occurs during the second trimester of pregnancy likely requires sequential exposure of the uterus to a series of hormones and factors that may include progesterone, estradiol, and prolactin in field is shown; Shallow represents counts of shallow to middle GE, whereas Deep represents counts of middle to deep GE. The number of deep glands per field was decreased in progesterone-treated gilts versus corn oil-treated gilts (*P!0.005). (C) Western blot analysis (under reducing conditions) of uterine secretions from CO-and progesterone-treated pigs. Normal rabbit IgG was substituted for primary antibody as the control and can be observed in (C). Two isoforms of ACP5 protein of w37 and 38 kDa were detected in uterine secretions from progesterone-treated pigs only.
a servomechanism similar to that described for sheep and rabbits (Chilton et al. 1988 , whereas effects of progesterone alone are clearly permissive to or required to drive angiogenesis.
There are few descriptions of the hypertrophy and hyperplasia that the uterine GE of pigs undergo as GE increases production of histotroph, particularly between days 30 and 90 of pregnancy (Knight et al. 1977 , Basha et al. 1980 , Perry & Crombie 1982 , Sinowatz & Friess 1983 . Endometrial GE development, or adenogenesis, begins during early postnatal life in pigs (Bartol et al. 1993 , Gray et al. 2001 . A series of elegant studies have implicated estrogen and relaxin as key mediators of early GE development in pigs (Bartol et al. 2006) . The GE of nonpregnant adult pigs are lined by a low cuboidal epithelium that shows few adaptations to indicate high secretory activity (Perry & Crombie 1982) . However, the GE of day 17 pregnant pigs, while remaining low cuboidal, have increased rough endoplasmic reticulum and Golgi, suggesting synthesis of secretory products (Perry & Crombie 1982) . The GE remain simple, coiled, and tubular through day 30 of pregnancy, but develop characteristics of increased secretory activity by day 35 when GE cells exhibit extensive rough endoplasmic reticulum with flocculent-filled cysternae. By midpregnancy, the lumens of uterine glands are greatly enlarged and filled with secretory products (Perry & Crombie 1982 , Sinowatz & Friess 1983 . In the present study, there were no differences in the number of uterine glands per unit area of shallow endometrium (near the LE) between ovariectomized gilts treated with either CO or progesterone for 40 days, but adenogensis was clearly unable to keep pace with growth of the uterine wall as GE were decreased in deep endometrium (near the myometrium) of progesterone-treated pigs compared with CO-treated pigs. Although there were more total GE cells in uteri of progesterone-treated gilts than CO-treated gilts, due to increased uterine horn length and endometrial thickness, GE branching and coiling as they extended into the uterine wall were insufficient to maintain GE density. Indeed, GE number and size did not approach levels normally observed on day 40 of pregnancy (Garlow et al. 2002 , Song et al. 2009 . This is in contrast to the vasculature of the uterus, which increased in proportion to the thickness of the uterine wall in shallow regions of the endometrium, and significantly increased in density in the deep endometrium of progesterone-treated pigs compared with CO-treated pigs. A series of studies confirmed that the early pregnant pig uterus begins to secrete moderate levels of histotroph, and that total uterine secretions increase dramatically after day 30 of pregnancy. These studies further suggested that histotroph production increased primarily in response to ovarian progesterone during pregnancy in the pig (Knight et al. 1974a , 1974b , Schlosnagle et al. 1974 , Basha et al. 1980 , Geisert et al. 1982a , 1982b . Indeed, the idea that progesterone alone, in the absence of ovarian or placental factors, is sufficient to support pregnancy levels of histotroph is supported by data showing that amounts of luminal secretory protein recovered per horn from ovariectomized gilts administered progesterone daily for up to 60 days are comparable to those obtained from pseudopregnant and unilaterally pregnant animals (Schlosnagle et al. 1974 , Basha et al. 1980 . However, in pigs, similar to rabbits and sheep, interactions between lactogenic hormones and ovarian steroids have been proposed to constitute a 'servomechanism' regulating endometrial remodeling, secretory function, and uterine growth (Chilton et al. 1988 , Young et al. 1990 . For example, uteroferrin is induced in endometrial GE by progesterone, but previous studies suggest that prolactin binding to its endometrial receptors may increase endometrial estrogen receptors that mediate the ability of exogenous estrogen to enhance progesterone-induced uteroferrin secretion in gilts treated daily with progesterone after ovariectomy (Knight et al. 1973 , Young et al. 1990 . Results of the present study suggest that a servomechanism is responsible for GE development. We hypothesize that progesterone is sufficient to continue GE growth to maintain extension of tubular structures to the myometrial border as the endometrium thickens, but that the hypertrophy and hyperplasia of GE, which occur after day 30 of pregnancy, require the temporal and spatial influence of additional maternal and fetal hormones and/or factors. We propose that excellent candidates for involvement in this servomechanism are placental estrogens, interleukin-1b, and interferons g and d, as well as prolactin and prolactin receptors (Young et al. 1990 , Ross et al. 2003 ). In contrast, endometrial angiogenesis is less dependent on a servomechanism, and to a great extent can be supported by the actions of progesterone alone.
In contrast to GE, LE responded to progesterone with a change in epithelial morphology from low cuboidal to tall columnar. As it is typical for epithelial cells lining the lumen of the female reproductive tract to become taller as secretory activity is increased, it is likely that the uterine LE of progesterone-treated pigs is responding to progesterone by increasing the synthesis and secretion of components of histotroph into the uterine lumen (Davies & Hoffman 1975 , Geisert et al. 1982a , 1982b , Verhage et al. 1984 , Murray 1992 , Brenner & Slayden 1994 . Indeed, the progesterone-responsive protease CTSB, which is expressed in the pig LE, but not GE, increased in the uterine flushings of progesterone-treated gilts, confirming the LE to be functionally secretory. Therefore, a significant percentage of histotroph is derived from the LE during the first trimester of pregnancy in pigs. Recently, several genes hypothesized to have roles during early pregnancy have been localized within pig LE ). It is reasonable to conclude that progesterone, at least in part, increases the secretory activity of the LE of pregnant pigs and that LE shares an important role along with the GE in the production of histotroph necessary for pig blastocyst development, elongation, implantation, and placentation of pig conceptuses.
In epithelia, the apical domain interacts with the external environment of the uterine lumen. This surface mediates complex physiological interactions between the uterus and trophectoderm/chorion throughout pregnancy in pigs that have an epitheliochorial placenta.
Many LE secretions are released from vesicles at the apical membrane, while the apical domain also accommodates attachment to the placental epithelium for implantation and placentation. The glycocalyx and integrins are prominent at this surface (Bowen et al. 1996 , Sant'Ana et al. 2009 ). Surface glycoproteins, including galactosamines, and integrins, including a v , are important to conceptus attachment in the pig (Dantzer 1985 , Geisert et al. 1995 , Bowen et al. 1996 , Effects of progesterone on tight junctional complexes of uterine LE and GE. Immunofluorescence localization of zona occludin-1 (occludin-1), zona occludin-2 (occludin-2), claudin-3, and claudin-4 on day 40 endometria from ovariectomized gilts treated with corn oil or progesterone is shown. The nuclei are stained (blue) with DAPI. Rabbit IgG or mouse IgG applied to endometrial sections from corn oil-treated gilts served as negative controls. Width of each field is 540 mm.
Progesterone effects on development of pig GE 589 www.reproduction-online.org Reproduction (2010) 140 583-594 Erikson et al. 2009 ). In the present study, both LE and GE cells exhibited alterations to their apical domains in response to progesterone. Immunofluorescence staining for DBA lectin showed a nearly complete loss of apical n-acetyl-D-glactosamine, the ligand to which it binds, after 40 days of progesterone exposure. There was also downregulation of apical a v integrin. These staining patterns are unique compared with those in other reported functional stages of the uterus. DBA lectin binding is prominent on porcine uterine epithelia throughout GE adenogenesis, and actually increases during the luteal phase of the estrous cycle (Spencer et al. 1992 , Sant'Ana et al. 2009 ). Similarly, a v has high expression at the apical surfaces of LE and GE during the porcine periimplantation period. We hypothesize that these molecules participate in the initial stages of communication between trophectoderm and LE, and high expression is maintained at the apical surface of uterine epithelia in the presence of increasing progesterone levels during the luteal phase and peri-implantation period. However, long-term progesterone exposure eventually decreases expression of these molecules when they are no longer necessary, or may be a physical hindrance to interaction between the uterus and placenta as placentation advances. Mucin-1 has been proposed to have similar roles (Carson et al. 2006) , and our own results suggest that apical integrins downregulate at the uterine-placental interface during later stages of pregnancy in pigs (Frank JW, Burghardt RC, Johnson GA, unpublished results). In contrast to the apical domain, epithelial cells interact with adjacent cells and the underlying basement membrane through their basolateral domains. A complex array of adhesion molecules and junctional Effects of progesterone on baso-lateral junctional proteins and intermediate cytoskeletal filaments of uterine LE and GE. Immunofluorescence localization of a 2 b 1 integrin heterodimer, vimentin, E-cadherein, and cytokeratin on day 40 endometria from ovariectomized gilts treated with corn oil or progesterone is shown. The nuclei are stained (blue) with DAPI. Rabbit IgG or mouse IgG applied to endometrial sections from corn oil-treated gilts served as negative controls, and can be observed in Fig. 6 . Width of each field is 540 mm.
complexes attach adjacent membrane surfaces and regulate the paracellular transport of molecules for exocrine secretion. In the present study, progesterone did not affect the distribution of E-cadherin, which maintains the lateral attachment of cells that form the epithelial sheet. In addition, there were no clear alterations in tight junctions, which determine cell polarity and control the free passage of substances across the epithelial cell layer. The transmembrane proteins, occludins-1 and -2, and claudins-3 and -4, were all localized to tight junctions in uteri of both CO-treated pigs and progesterone-treated pigs. It was recently reported that progesterone transiently decreases tight junctions in endometrial LE during early blastocyst development, but then subsequently increases tight junctions during implantation, i.e. the initiation of placentation in sheep (Satterfield et al. 2007) . Results of the present study also indicate that tight junction integrity is maintained in both LE and GE of pig uteri during long-term progesterone exposure. Although adhesion between uterine epithelia was maintained, clear alterations within the basolateral domains were detected in uteri exposed to progesterone. Claudin-4, a 2 b 1 integrin receptor, and vimentin were all induced at the basolateral surfaces of LE and GE of progesterone-treated pigs. The induction or upregulation of each of these proteins in epithelia has been linked to the cancerous state, and has variously been attributed to increased proliferation and/or changes in cell shape. Both claudins and occludins can be disregulated in a variety of malignancies. The expression of claudins-3 and -4 is reported to be typically low in normal human endometrium, but increases at sites of adenocarcinoma, clear serous papillary, and endometrioid uterine cancers (Pan et al. 2007 , Konecny et al. 2008 . Of particular interest is the staining pattern that was observed for claudin-4 in normal and cancerous GE. In normal tissue, claudin-4 showed weak to no staining at the apical border of cells, typical of tight junction proteins. However, the GE of adenocarcinomas exhibited strong diffuse punctate staining that covered the entire circumference of the basolateral domain (Pan et al. 2007 ). This unusual cellular distribution for a tight junction protein was also evident in the LE and GE of progesterone-treated pigs in the present study. The a 2 b 1 integrin heterodimer is classically a collagen and laminin receptor limited to the basal surface when expressed by epithelia, but is present at contact sites between keratinocytes, suggesting that this integrin can also serve as an intercellular adhesion molecule and/or ligand bridging receptor (Symington et al. 1993) . It is noteworthy that a 2 b 1 expression is enhanced in some proliferating and migrating epithelia, including carcinomas, showing a circumferential cell staining pattern nearly identical to E-cadherin (Zutter & Santoro 1990 , Dahlman et al. 1998 . In the present study, there was a dramatic induction of a 2 b 1 along the entire basolateral surface of LE and GE in response to progesterone. Finally, the LE of long-term progesterone-treated pigs co-expressed the intermediate filament proteins cytokeratin and vimentin. Although cytokeratin was not affected by treatment and showed a typical cellular distribution, vimentin was only present along the basal and lower third of the lateral domains of LE cells. The co-expression of cytokeratin and vimentin is typical of tissue remodeling in mesothelial cells, kidney tubule epithelium regenerating after injury, and cancerous kidney tubule and respiratory epithelia (LaRocca & Rheinwald 1984 , Grone et al. 1987 , Kasper et al. 1993 . Vimentin is expressed in the epithelia of rat kidney tubules with collapsed lumens and closely packed cells, and is induced in vitro in kidney epithelial cells when growth reaches confluence, suggesting that vimentin synthesis is an epithelial response to disruption of geometric cellto-cell interactions (Grone et al. 1987) . As claudin-4, a 2 b 1 integrin, and vimentin can be regulated in epithelia by cell architecture, cell-matrix interaction, and growth rate, we hypothesize that long-term exposure of the pig endometrium to progesterone stimulates endometrial hyperplasia, which requires limited growth migration and invasion of uterine epithelia. Induction of claudin-4, a 2 b 1 integrin, and vimentin in LE and GE may reflect tissue remodeling in response to progesterone during pregnancy. It will be of interest to determine the endometrial expression of these proteins during pregnancy in pigs.
Collectively, our results allow us to conclude that progesterone profoundly influences the development and histoarchitecture of porcine uterine epithelia and endothelia, but that hypertrophy and hyperplasia of the GE essential for histotroph production over most of the latter two-thirds of pregnancy require that the uterus is also stimulated by other ovarian and/or placental factors.
Materials and Methods

Animals, experimental design, and tissue collection
Sexually mature gilts of similar age, weight, and genetic background were observed daily for estrus (day 0) and exhibited at least two estrous cycles of normal duration (18-21 days) before being used in these studies. All experimental and surgical procedures were in compliance with the Guide for Care and Use of Agricultural Animals in Teaching and Research and approved by the Institutional Animal Care and Use Committee of Texas A&M University.
To evaluate the effects of long-term progesterone treatment without effects of ovarian or conceptus factors on uterine epithelia, gilts were ovariectomized on day 12 of the estrous cycle and assigned randomly to receive daily injections (i.m.) of either 4 ml CO or 200 mg progesterone (200 mg in 4 ml CO) on days 12-39 post estrus (nZ4/treatment). All gilts were hysterectomized on day 40 post estrus. Uterine flushings were obtained by introducing and recovering 40 ml sterile Hank's balanced salt solution (Sigma Chemical Co.) from the uterine lumen before hysterectomy. The uterine flushings were cleared of cellular debris by centrifugation (3000 g for 10 min at 4 8C), and frozen at K80 8C until analyzed. At hysterectomy, several sections (thickness w1-1.5 cm) from the middle of each uterine horn were placed in fresh 4% paraformaldehyde fixative for 24 h and then embedded in Paraplast Plus (Oxford Labware, St Louis, MO, USA). In addition, several 1-1.5 cm sections of uterine wall from the middle of each horn were snap frozen in Tissue-Tek OCT compound (Miles, Oneata, NY, USA).
Histology and LE and GE morphometry
Embedded tissues were sectioned (5 mm), deparaffinized, and stained with Mayer hematoxylin and eosin for general histomorphological evaluation as described previously (Dunlap et al. 2008 
Western blot analyses
Uterine flushings were concentrated using Centricon-3 columns (Amicon, Beverly, MA, USA). Protein concentration was determined using the Bradford protein assay (Bio-Rad) with BSA as the standard. Proteins were denatured and separated by 12% SDS-PAGE, and western blot analyses were performed as described previously ) using ECL detection (SuperSignal West Pico, Pierce, Rockford, IL, USA) and X-OMAT AR X-ray film (Kodak). Immunoreactive CTSB protein was detected using the rabbit anti-rat CTSB polyclonal IgG (2.5 mg/ml, Catalog number 06-480; Upstate, Lake Placid, NY, USA). Immunoreactive ACP5 protein was detected using affinity-purified rabbit anti-ACP5 (2.5 mg/ml; Ellenberger et al. 2008) . Multiple exposures of each western blot were performed to ensure linearity of chemiluminescent signals.
Immunofluorescence staining and vascular morphometry
Primary antibodies used for immunostaining included rabbit anti-a v (#AB1930) integrin subunit and mouse anti-a 2 b 1 (#MAB 1998Z) integrin heterodimer from Chemicon (Temecula, CA, USA); mouse anti-cytokeratin (#6909), mouse anti-vimentin (#v-6630), normal rabbit IgG (#15006), and normal mouse IgG (#15381) from Sigma-Aldrich; mouse anti-E-cadherin (#610182) from BD Biosciences (San Jose, CA, USA); rabbit anti-ZO-1 (#61-7300), rabbit anti-ZO-2 (#71-1400), rabbit anti-claudin 3 (#34-1700), and rabbit anti-claudin 4 (#36-4800) from Zymed Laboratories (San Francisco, CA, USA); and rabbit anti-von Willebrand factor (vWF) (#A0082) from Dako (Carpinteria, CA, USA). Secondary antibodies used for immunostaining included goat anti-rabbit IgG Alexa 488 and goat anti-mouse IgG Alexa 488. Proteins were localized in frozen uterine tissue sections by immunofluorescence staining as previously described . Sections were fixed and permeabilized in K20 8C methanol, washed in PBS containing 0.3% vol/vol Tween-20 (immunofluorescence rinse solution), blocked in 10% normal goat serum, and incubated overnight at 4 8C with primary antibody at a dilution optimized for each antibody. Immunoreactive proteins were detected using an appropriate Alexa Fluor 488-conjugated secondary antibody for 1 h at room temperature at a dilution of 1:250. Slides were overlaid with a coverslip and Prolong antifade mounting reagent containing the nuclear counterstain DAPI (Invitrogen, Molecular Probes, Eugene, OR, USA).
Estimation of differences in vasculature between CO-and progesterone-treated animals was evaluated by quantifying vWF staining in nonoverlapping fields of endometrium captured with a !10 planapochromat lens (0.45 NA) from areas adjacent to uterine LE (shallow endometrium) through to the myometrium (deep endometrium). Anti-vWF IgG reacts with vWF factor present in endothelial cells and in the cytoplasm of megakaryocytes. Digital images (870!690 mm) were analyzed using Metamorph software by uniformly thresholding images to identify vWF-stained endothelium, and the area within each image occupied by vWF fluorescence was determined. At least, three sections from four animals were completely imaged for each treatment, and data were analyzed by two-way ANOVA and Bonferroni post hoc test at P!0.05.
Fluorescence DBA lectin staining DBA lectin staining, as an index of glycocalyx development on uterine LE and GE, was localized in paraffin-embedded porcine uterine tissues using an FITC-conjugated lectin from Dolichos biflorus (#L9142-1MG, Sigma). Sections (5 mm) of the entire uterine horn from CO-and progesterone-treated gilts were affixed to Superfrost Plus slides (Fisher Scientific, Pittsburgh, PA, USA). For fluorescence localization, sections were deparaffinized in xylene and rehydrated to water through a graded alcohol series. Sections were then incubated with DBA lectin-FITC conjugate in immunofluorescence rinse solution and incubated overnight at 4 8C. Sections were lightly stained with hematoxylin, and overlaid with a coverslip and Prolong antifade mounting reagent containing the nuclear counterstain DAPI (Invitrogen).
Photomicrography
Digital fluorescence images were evaluated using an Axioplan 2 microscope (Carl Zeiss) interfaced with an Axioplan HR digital camera and Axiovision 4.4 software. Individual fluorophore and DAPI images were recorded sequentially and evaluated as overlay images or as single channel images for quantification of fluorescence. Photographic plates were assembled using Adobe Photoshop CS2 (version 9.0, Adobe Systems Inc.).
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